f Enterovirus 71 (EV71) (Picornaviridae family) and hepatitis C virus (HCV) (Flaviviridae family) are the causative agents of human hand, foot, and mouth disease (HFMD) and hepatitis C, resulting in a severe pandemic involving millions of infections in the Asia-Pacific region and worldwide. The great impact of EV71 and HCV on public health highlights the need to further our understanding of the biology of these two viruses and develop effective therapeutic antivirals. Here, we evaluated a total of 32 lycorine derivatives and demonstrated that 1-acetyllycorine suppressed the proliferation of multiple strains of EV71 in various cells. The results of the drug resistance analysis revealed that 1-acetyllycorine targeted a phenylalanine (F76) in EV71 2A protease (2A pro ) to stabilize the conformation of a unique zinc finger. Most interestingly, the zinc binding site in EV71 2A pro is the exclusive homolog of HCV NS3 among all viruses. Further analysis revealed that 1-acetyllycorine also inhibits HCV with high efficacy, and the mutation on R118 in HCV NS3, which corresponds to F76 in EV71 2A pro , confers the resistance of HCV to 1-acetyllycorine. These results revealed a conserved mechanism of 1-acetyllycorine against EV71 and HCV through targeting viral proteases. We also documented the significant synergistic anti-EV71 and anti-HCV effects of 1-acetyllycorine with reported inhibitors, supporting potential combination therapy for the treatment of EV71 and HCV infections. E nterovirus 71 (EV71) is one of the major etiological agents of human hand, foot, and mouth disease (HFMD) in the AsiaPacific region. Particularly, young children and immunodeficient populations are more susceptible to EV71 infection. EV71 infection results in severe aseptic meningitis, encephalitis, myocarditis, acute flaccid paralysis, and pulmonary edema, which lead to high fatality rates (1, 2). Chronic infection with hepatitis C virus (HCV) affects 180 million people worldwide, and 350,000 people die each year due to HCV-related complications (3). Hepatitis C not only affects the liver function but also induces liver fibrosis and cirrhosis, eventually leading to liver cancer (4).
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Both EV71 and HCV are positive-sense single-stranded RNA (ϩssRNA) viruses. EV71 is a member of the Enterovirus genus within the Picornaviridae family (5-7). The genome of EV71 encodes a polyprotein that is cleaved through viral proteases to generate four structural proteins (VP1 to VP4) required for viral capsid formation and seven nonstructural proteins (2A pro , 2B, 2C, 3A, 3B, 3C
pro , and 3D pol ) for viral replication (8) (9) (10) . HCV is a member of the Hepacivirus genus in the Flaviviridae family. The translated polyprotein of HCV is further processed into the structural proteins, including core protein and envelope glycoproteins E1 and E2; the nonstructural proteins are processed into NS2, NS3, NS4A, NS4B, NS5A, and NS5B (11) .
The successful replication of most viruses depends on the correct proteolytic processing of polyproteins. EV71 employs two viral proteases: 2A pro mediates the initial cleavage of its own N terminus and the C terminus of VP1, thereby distinguishing the structural protein precursor from the nonstructural portions, and 3C pro accomplishes the subsequent proteolytic processing of the polyprotein (12, 13) . HCV also produces two viral proteases for viral proliferation, in which NS2 is autoreleased from NS3, while NS3-NS4A is released from other individual proteins to obtain full activity. Therefore, the effective impairment of the activities of the proteases of EV71 and HCV could be a promising strategy to inhibit viral propagation. The current efforts to develop anti-EV71 agents targeting viral proteases have generated a few successes, including rupintrivir (AG7088) and NK-1.8k (targeting EV71 protease 3C pro ) (2, (14) (15) (16) and the peptide LVLQTM (targeting 2A pro ) (17) . Despite the increasing amount of research aimed at identifying antiviral agents against EV71, no direct-acting anti-EV71 drugs are currently available in the clinic to combat EV71 infections (7, 18, 19) . The inhibitors of HCV NS3 protease have shown much progress in clinical usage. For example, HCV NS3 protease inhibitors, such as boceprevir, telaprevir, and simeprevir, were approved through the FDA for use in combination with alpha interferon (IFN-␣)/ribavirin (RBV) for genotype 1 treatment (20) (21) (22) .
Lycorine, an alkaloid isolated from Amaryllidaceae plants, shows diverse biological properties, including anticancer, antiplasmodial, antitrypanosomal, anti-inflammatory, analgesic, and emetic properties (23) (24) (25) (26) . Lycorine and lycorine derivatives also inhibit several virus species, including poliovirus, severe acute respiratory syndrome-associated coronavirus, herpes simplex virus 1, vaccinia virus, and bunyaviruses (27) (28) (29) (30) (31) . Particularly, lycorine presents potent inhibitory activities against flaviviruses, including West Nile virus (WNV), dengue virus (DENV), and yellow fever virus (YFV) (32, 33) . Recent results have also revealed that lycorine inhibits EV71 in an animal model and lycorine-derived phenanthridine inhibits HCV (34, 35) . However, the inhibitory mechanisms of lycorine and lycorine derivatives against various viruses remain unclear. Therefore, in the present study, we conducted a systematic analysis of the inhibition by lycorine derivatives of EV71 and HCV to identify variations or conserved lycorine inhibition against various viruses.
MATERIALS AND METHODS
Viruses, cell lines, and antibody. Human rhabdomyosarcoma (RD) cells, African green monkey kidney E6 (Vero E6) cells, and human embryonic kidney 293T cells were purchased from the American Type Culture Collection (ATCC). The Huh7.5.1 cell line was gifted by J. Zhong from the Institute Pasteur of Shanghai, China. All these cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco) at 37°C in a humidified incubator with 5% CO 2 .
The plasmids containing a green fluorescent protein (GFP) reporter gene inserted into the EV71 strain SK-EV006 (EV71-GFP) were donated by S. Koike (Tokyo Metropolitan Institute of Medical Science) for the initial phenotype screening. A single-round reporter system, the EV71(FY)-Luc pseudotype virus system, with pseudotype EV71 containing plasmids pcDNA6-FY-capsid and pEV71-Luc-replicon lacking the P1 region, was kindly supplied by W. Li from the National Institute of Biological Sciences, China. Human EV71 strains AnHui1 (GenBank accession number GQ994988.1) and BrCr (GenBank accession number U22521) were kindly provided by B. Zhang and H. Wang from the Wuhan Institute of Virology, China.
Antibodies used for Western blot (WB) analysis were purchased from Abcam (mouse monoclonal antibody [MAb] to enterovirus 71 VP1; 10F0) and ProMab (glyceraldehyde-3-phosphate dehydrogenase [GAPDH] ).
Lycorine derivatives and reagents. Lycorine derivatives were synthesized by our group (Table 1) (33, 36) . Stock solutions at a concentration of 10 mM were prepared in distilled water with dimethyl sulfoxide (DMSO) and diluted in DMEM with 10% FBS to different concentrations before use.
TRIzol reagent and a SuperScript III first-strand synthesis system for reverse transcription-PCR (RT-PCR) were purchased from Invitrogen. A MEGAscript transcription kit was purchased from Promega. A QuantiTect SYBR green RT-PCR kit was purchased from Qiagen. A cell viability and proliferation assay (WST-1) was purchased from Roche.
Virus titration. For EV71-GFP virus, virus titers were determined by measuring the expression level of GFP in RD cells (15, 37) . The measurement was performed by seeding 3 ϫ 10 4 RD cells per well in 96-well microtiter plates. After overnight culture, EV71-GFP virus was serially diluted 10-fold with DMEM containing 10% FBS (10 Ϫ1 -to 10 Ϫ8 -fold dilutions) and added to RD cells. The plates were then incubated at 37°C in 5% CO 2 . The GFP expression level was monitored using an epifluorescence microscope after 2 days.
For living virus, virus titers were determined by endpoint dilution assays (EPDAs) (38, 39) . Briefly, 3 ϫ 10 4 RD cells were seeded per well in 96-well microtiter plates. After overnight culture, virus was serially diluted 10-fold with DMEM containing 10% FBS (10 Ϫ1 -to 10 Ϫ8 -fold dilutions) and added to the RD cells. The plates were then incubated at 37°C with 5% CO 2 . Virus titers were determined after 3 to 4 days by observing cytopathic effect (CPE) under the microscope. The virus titer, expressed as the 50% tissue culture infective dose (TCID 50 ), was determined using the Reed and Muench calculator.
EV71 pseudotype virus. The EV71 pseudotype virus [EV71(FY)-Luc] was produced to exclude virus reinfection by using the method developed as previously described (40) . Briefly, the plasmids pEV71-Luc subgenomic replicon and pcDNA6-FY-capsid were extracted using the HighPure maxiplasmid kit (Tiangen). The pEV71-Luc replicon DNA was linearized by digestion with SalI restriction enzyme and was used as a template for RNA transcription. The EV71 replicon RNA transcripts were prepared in vitro using Promega MEGAscript kits. The pcDNA6-FY-capsid plasmid was transfected into 293T cells at 60 to 80% confluence. After 24 h posttransfection (hpt), EV71 subgenomic replicon RNA was then transfected using Lipofectamine 2000 (Invitrogen). EV71(FY)-Luc virus in the culture was harvested at 24 hpt. To quantify the EV71 pseudotype virus, the stocks were serially diluted 10-fold and incubated with RD cells for 24 h at 37°C. The luminescence was detected as instructed in the manufacturer's protocol for the Bright-Glo luciferase assay system (Promega). For the inhibition assay, the final concentration of EV71(FY)-Luc was diluted to give 1,000,000 relative luminescence units (RLU) per well in a 96-well plate.
Phenotype screening. RD cells were seeded at 3 ϫ 10 4 cells per well in 96-well microtiter plates. After overnight culture at 37°C in 5% CO 2 , RD cells were treated with a gradient of concentrations of different compounds ranging from 0.15 to 40 M. After 2 h, RD cells were infected with EV71-GFP at a multiplicity of infection (MOI) of 1. At 24 h postinfection (hpi), the level of GFP expression was monitored using an epifluorescence microscope.
Western blot analysis. RD cells were seeded at 6 ϫ 10 4 cells per well in 6-well microtiter plates and treated with 1-acetyllycorine at concentrations ranging from 1.25 to 10 M. RD cells were lysed in a buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, 1 mM NaVO 4 , 10 mM NaF, and protease inhibitors after 24 hpi, and the protein concentration in the lysates was determined with a spectrophotometer. Proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to a nitrocellulose membrane (Millipore). These membranes were blocked with a 5% nonfat dry milk solution in Tris-buffered saline for 4 h, incubated with specific primary antibodies (catalog number ab36367; Abcam), and then subsequently incubated with secondary antibodies conjugated with horseradish peroxidase. Proteins were visualized by chemiluminescence using Clarity Western ECL substrate (Bio-Rad, USA).
Cytotoxicity. The cytotoxicity was measured by WST-1 cell proliferation using a cytotoxicity assay kit according to the manufacturer's protocol (catalog no. 05015944001; Roche). Briefly, Vero, 293T, and RD cells (3 ϫ 10 4 per well in 100 l 10% FBS-DMEM) were cultured at 37°C under 5% CO 2 in 96-well plates, followed by the addition of 50 l compound solution with a concentration ranging from 5 to 100 M. The cells were incubated at 37°C for 48 h, and then 10 l WST-1 reagent was added to each well. The luminescent signals were read at 490 nm with a microplate reader (Bio-Rad, USA). The percentage of viable cells after treatment with different concentrations of compound was calculated as follows: percentage of inhibition ϭ 100 ϫ optical density at 490 nm (OD 490 ) of treated sample/OD 490 of cell control sample.
qRT-PCR. The reduction of viral genome after treatment with compound in host cells was determined using EV71 and RD cells in a quantitative RT-PCR (qRT-PCR)-based assay according to a standard protocol. Briefly, 1.5 ϫ 10 5 RD cells were seeded in each well of 24-well tissue culture plates and were allowed to attach overnight in complete culture medium. The medium was then replaced with medium containing EV71 Fuyang virus at an MOI of 1 and serially diluted compounds in the presence of 10% FBS and 0.5% DMSO. After the cells were treated for 24 h, total cellular RNA was isolated by TRIzol reagent using a standard protocol. A quantitative RT-PCR assay (primer sequences, GAPDH, forward primer 5=-CCCACTCCTCCACCTTTGACG-3= and reverse primer 5=-C ACCACCCTGTTGCTGTAGCCA-3=; EV71 5= untranscribed region [UTR] forward primer 5=-TGAATGCGGCTAATCCCAACT-3= and reverse primer 5=-AAGAAACACGGACACCCAAAG-3=) was performed using a QuantiTect SYBR green RT-PCR kit (Qiagen, CA) according to the manufacturer's protocol. EV71 and GAPDH transcript levels were determined by the threshold cycle (⌬⌬CT) method (41) . The percentage of inhibition was calculated as follows: percentage of inhibition ϭ [1 Ϫ (average of compound-treated cells)/(average of control cells)] ϫ 100. Each data point represents the average from three replicates in cell culture.
Time-of-addition assay. The time-of-addition effect was examined for 1-acetyllycorine, NITD008, and ALD (15) . RD cells (3 ϫ 10 4 cells per well in 100 l of 10% FBS-DMEM) were cultured overnight at 37°C under 5% CO 2 in 96-well plates. Subsequently, the cells were treated with 2 M 1-acetyllycorine, 2 M NITD008, and 1 pM ALD either concurrently with 100 TCID 50 of EV71(FY)-Luc or at intervals of Ϫ6, Ϫ4, Ϫ2, 0, 2, 4, 6, 8, and 10 hpi. RD cells in another 96-well plate were treated with 2 M 1-acetyllycorine, 2 M NITD008, and 1 pM ALD and transfected with EV71(FY)-Luc replicon RNA after 4 h. After incubation at 37°C for 24 h, antiviral activity was determined by measurement of the reduction of luciferase activity.
Inhibitory effect on different cells. In order to eliminate the differences between cells, the 50% effective concentrations (EC 50 s) for RD, Vero, and 293T cells were determined. RD (1.5 ϫ 10 5 per well), Vero (1 ϫ 10 5 per well), and 293T (1.5 ϫ 10 5 per well) cells were seeded in 24-well plates and cultured at 37°C in 5% CO 2 overnight. Cells were treated with a gradient of dilutions of 1-acetyllycorine ranging in concentration from 0.02 to 10 M. EV71 (strain Fuyang) was added to 24-well plates at an MOI of 1. The RNA was detected after 24 hpi, and the EC 50 s on different cells were calculated by the use of GraphPad Prism software.
Selection of drug-resistant virus. RD cells were seeded at 6 ϫ 10 5 cells per well in 6-well plates. The following day, the medium was removed and replaced with DMEM containing 10% FBS and 4 M 1-acetyllycorine, while 0.5% DMSO was used as a control. After 2 h, EV71 (strain Fuyang) was used to infect RD, Vero, and 293T cells at an MOI of 0.1 in complete medium. The initial high concentration of inhibitor, around 10-fold of the best EC 50 , ensured the quick emergence of resistant virus. After 3 days, the virus (termed passage 1 virus [P1]) was harvested when RD cells reached 70 to 90% confluence. A fresh 6-well plate was prepared and replaced with 3 M 1-acetyllycorine. RD cells were infected with P1 EV71 at an MOI of 0.1, and virus of passage 2 was harvested. After two rounds of passage 2, the concentration of 1-acetyllycorine was decreased to 2 M for another two rounds of passage. These four rounds of passage at concentrations of 3 M and 2 M helped the resistant virus to propagate in reasonable titers. Further, the concentration of inhibitor was increased to 4 M for five rounds of passage to remove any remaining nonresistant virus.
Identification of drug resistance-conferring mutations. For analysis of EV71 resistance-conferring mutations, cellular RNA was extracted after nine rounds of culture with the TRIzol reagent (Invitrogen) according to the manufacturer's instructions. For reverse transcription-PCR, firststrand cDNA was synthesized using a gene-specific primer (5=-ACCCCC ACCAGTCACATTCACG-3=) and the SuperScript III first-strand synthesis system for RT-PCR (Invitrogen) according to the manufacturer's instructions. The protein-coding region of the EV71 genome was amplified by PCR.
The RT-PCR products of resistant EV71 or control EV71 were ligated into the pEASY-Blunt simple cloning vector (Transgen). Multiple individual bacterial colonies were isolated, and the purified plasmid DNA was sequenced and analyzed by using GeneRunner software.
Sensitivity of EV71 WT and F76L mutant virus to 1-acetyllycorine. The recombinant full-length plasmid of EV71 (strain Fuyang) with a T7 promoter, a HindIII site before the 5= UTR, and an XbaI site in the poly(A) sequence after the 3= end was ligated into pcDNA3.1. The F76L amino acid substitution was mutated by a Fast mutagenesis system kit (Transgen) with forward primer 5=-CACTACCCAGTCAGTTTATCAAAACCTAGC CTGATC-3= and reverse primer 5=-TAAACTGACTGGGTAGTGTTTTC TCCTCGAGTTACAGTA-3=. The full-length RNAs of wild-type (WT) EV71 and F76L mutant virus were transcribed from recombinant plasmid linearized with XbaI in vitro using a T7 RiboMAX large-scale RNA production kit (Promega). RD cells were electroporated with 10 g of WT or mutant genome RNA. The WT and mutant viruses were harvested at 24 h posttransfection. RD cells were seeded in two 96-well plates and cultured at 37°C for 24 h. The WT and mutant virus titers were determined by EPDA as described above. For testing the inhibitory activity of NK-1.8k between the WT and F76L virus, 500 l of RD cells was seeded in two 24-well plates and incubated for 24 h. Cells were treated with serial dilutions of 1-acetyllycorine and infected with WT or F76L virus. After 24 hpi, RNAs were extracted and quantified by qRT-PCR.
HCV and inhibition assay. The HCV assay was performed using a previously described method with some modifications (42) . A humanized Renilla luciferase reporter gene was introduced into the C terminus of the plasmid pJFH-1 (a gift from Apath, L.L.C.) between amino acids 399 and 400 of NS5A in the JFH-1 genome. The resulting plasmid phRluc-JFH-1 was digested with XbaI and used as a template for RNA transcription. The transcripts were prepared in vitro using the Ambion MEGAscript kit; subsequently, 10 g of RNA was mixed with 400 l Huh7.5.1 cells (1 ϫ 10 7 cells/ml). Following electroporation, Huh7.5.1 cells containing virus transcripts were seeded onto a 10-cm dish. After the cells were cultured for 10 days and passaged every 3 days, the supernatant was collected and filtered to obtain the HCV(JFH-1)-Rluc virus stock solution.
The antiviral activity and cytotoxicity of 1-acetyllycorine were determined using HCV(JFH-1)-Rluc-infected Huh7.5.1 cells. A total of 1.5 ϫ 10 5 Huh7.5.1 cells were seeded onto 96-well tissue culture plates and grown in DMEM supplemented with 10% FBS at 37°C in a 5% CO 2 humidified incubator. WT or R118L-mutated HCV(JFH-1)-Rluc viruses were subsequently used to infect Huh7.5.1 cells in the presence of serially diluted 1-acetyllycorine. After 48 h, the luciferase activity in the cells was determined using the Renilla-Glo luciferase reagent (Promega) and a Glomax plate reader (Promega).
Drug-drug interactions of 1-acetyllycorine with other inhibitors of EV71 and HCV replication. For EV71, RD cells were seeded at 3 ϫ 10 4 cells per well onto 96-well microtiter plates. After culturing overnight at 37°C, a different final concentration of 1-acetyllycorine was added to each row of the 96-well plate. Simultaneously, a different final concentration of NITD008 was added to each column of the plate. The RD cells were infected with EV71(FY)-Luc virus after treatment with the two inhibitors and incubated for 24 h. The combination of 1-acetyllycorine and ALD was examined using the same method, with the adjustment of the ALD concentrations to 0.0000, 0.0005, 0.0019, 0.0078, 0.0312, 0.1250, 0.50000, and 2.0000 M. The antiviral activities were determined after measuring the reduction of luciferase activity in the cells.
Huh7.5.1 cells were seeded at 3 ϫ 10 4 per well onto 96-well microtiter plates. After culturing overnight at 37°C, a different final concentration of 1-acetyllycorine was added to each row of the 96-well plate. Simultaneously, a different final concentration of sofosbuvir was added to each column of the plate. Huh7.5.1 cells were infected with the HCV(JFH-1)-Rluc virus line after treatment with the two inhibitors and incubation for 48 h. The combination of 1-acetyllycorine and ribavirin (RBV) was examined using the same method with RBV concentrations adjusted to 0.00000, 0.78125, 1.56250, 3.12500, 6.25000, 12.50000, 25.0000, and 50.0000 M. Antiviral activities were determined after measuring the reduction of luciferase activity in the cells.
To determine the drug-drug interactions, differential surface plots at the 95% confidence level (CI) were generated using MacSynergy II according to the Bliss independence model (43) . The combinatorial effect was determined after subtracting theoretical additive values from the experimental values (43, 44) . In the three-dimensional differential surface plot, the peaks above or below a theoretical additive plane represent synergy or antagonism, respectively (43, 44) . The data sets were interpreted using the following scale: volumes of synergy or antagonism at values of Ͻ25 mm 2 % were insignificant, those at 25 to 50 mm 2 % were minor but significant, those at 50 to 100 mm 2 % were moderate and likely important in vivo, and those at Ͼ100 mm 2 % are strong and likely important in vivo.
RESULTS
The lycorine derivative inhibits EV71 proliferation. The initial aim of the resent study was to verify the inhibitory effect of lycorine derivatives on enterovirus. Rapid phenotype screening was performed using a total of 26 previously synthesized lycorine derivatives (33, 36) to assay the inhibitory activity of these molecules against EV71-GFP (Table 1 ). Most of the tested compounds did not exhibit an anti-EV71 effect at a concentration of 40 M, with two significant exceptions: treatment with compounds 18 (1-acetyllycorine) (Fig. 1A) and 25 obviously reduced GFP expression at a concentration of 2.5 M. Compound 25 displayed clear cytotoxicity at 20 M, but the cytotoxicity of 1-acetyllycorine was not observed until 100 M.
Moreover, 1-acetyllycorine inhibited EV71-GFP in a concentration-dependent manner (Fig. 1B) . The anti-EV71 activity of 1-acetyllycorine was further examined after infection of RD cells with WT EV71 (strain SK-EV006). The results of qRT-PCR mea-surement revealed that 1-acetyllycorine reduced EV71 RNA in the infected cells in a concentration-dependent manner, with an EC 50 of 1.37 M (Fig. 1C) . Furthermore, the expression level of VP1 protein in EV71 capsid, but not glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a host housekeeping gene, in the infected cells, was diminished after treatment with 1-acetyllycorine (Fig.  1D) . These results revealed a specific inhibitory effect of 1-acetyllycorine against EV71.
1-Acetyllycorine suppressed the propagation of multiple EV71 strains. Because enteroviruses from different genotypes share high conservation, we speculated that 1-acetyllycorine might exhibit inhibition on multiple EV71 strains. To verify this hypothesis, RD cells were infected with three different virus strains, including strains BrCr (genotype A), SK-EV006 (genotype B), and Fuyang (genotype C), in the presence of 1-acetyllycorine, and the remaining levels of EV71 RNA inside host cells were measured using the qRT-PCR method.
The results showed that 1-acetyllycorine inhibited the viruses of strains BrCr, SK-EV006, and Fuyang with EC 50 s of 0.50, 1.13, and 0.47 M, respectively, suggesting that 1-acetyllycorine indeed exhibits similar inhibition through a conserved mechanism of different EV71 strains.
Quantification of the anti-EV71 effect of 1-acetyllycorine. To further quantify the anti-EV71 activity of 1-acetyllycorine, the inhibition of 1-acetyllycorine was quantified in RD, 293T, and Vero cells infected with WT EV71 (strain Fuyang) (Fig. 2) . The EC 50 s for 1-acetyllycorine inhibition of WT EV71 (strain Fuyang) infection in RD, 293T, and Vero cells were 0.45, 1.83, and 0.47 M, respectively.
We also measured the reduction of virus titers after treatment with 1-acetyllycorine in EV71-infected RD, 293T, and Vero cells. Consistently, the results indicated that the virus titers in the supernatants were also attenuated after treatment with 1-acetyllycorine ( Fig. 2A, B, and C) .
Cytotoxicity of 1-acetyllycorine was also tested in RD, 293T, and Vero cells. The results revealed 50% cytotoxic concentration (CC 50 ) values of more than 200 M for 1-acetyllycorine on each cell line, though cytotoxicity was clearly seen at the concentration of 50 M (Fig. 2D, E, and F) . Taken together, these results indicate that the anti-EV71 activity of 1-acetyllycorine showed a high to satisfactory selectivity index (SI ϭ CC 50 /EC 50 ) value (up to 450 in RD cells).
1-Acetyllycorine downregulated the replication stage of EV71.
To determine which step of the EV71 life cycle was affected after treatment with 1-acetyllycorine, we infected RD cells with an EV71(FY)-Luc pseudotype virus, excluding the influence of virus reinfection, and subsequently treated the cells with 1-acetyllycorine, NITD008 (a nucleoside analog viral replication inhibitor), and ALD (an entry inhibitor) at different times. The results showed that treatment with 1-acetyllycorine at Ϫ6 hpi to 10 hpi displayed the strongest antiviral effects (Fig. 3A) , consistent with the inhibition effect of the polymerase inhibitor NITD008 (Fig.  3B) . In contrast, the antiviral effect of ALD was dramatically decreased from 2 hpi (Fig. 3C) .
Next, we transfected EV71 subgenomic replicon RNA lacking the P1 region into RD cells treated with or without 1-acetyllycorine, NITD008, and ALD. The results showed that 1-acetyllycorine inhibited EV71 replication similarly to NITD008 but distinctly different from ALD (Fig. 3D) . The EC 50 s of 1-acetyllycorine and NITD008 against EV71 replicon were further determined as 0.62 M and 0.21 M, respectively, but ALD did not present obvious inhibition. Because this transfection excluded viral entry, these results indicated that 1-acetyllycorine inhibited EV71 proliferation through the downregulation of virus replication. Drug resistance to 1-acetyllycorine was mapped to EV71 2A pro . The viruses resistant to 1-acetyllycorine were selected through the continuous culturing of WT EV71 for 10 rounds in the presence of a gradually changed concentration of 1-acetyllycorine. Three independent selections (SelA, SelB, and SelC) were performed to examine the reproducibility of the observed resistance.
Sequence analyses of the entire genome of multiresistant viruses revealed an identical T-to-A mutation at nucleotide position 3556 of the whole EV71 genome compared with three WT viruses. This mutation translated into the single-aminoacid replacement of a phenylalanine residue with a leucine residue at position 76 within the 2A pro polypeptide (residue numbers correspond to the residues in the sequence of the 2A pro protein). The EC 50 s of 1-acetyllycorine against the three resistant selections SelA, SelB, and SelC are 8.10, 6.22, and 7.98 M, respectively. To further validate the contribution of the F76L substitution to the fitness and drug resistance of EV71, we engineered a mutated virus harboring an F76L mutation in 2A pro (EV71-F76L). We first examined the effect of this mutation on viral replication in the absence of 1-acetyllycorine. The results revealed an apparent decrease in the titer of the F76L-mutated virus compared with the WT virus, suggesting that the fitness of the F76L mutated virus is inferior to that of the WT virus (Fig. 4A) . Moreover, because we measured the virus titers within 12 hpi to exclude the impact of virus reinfection, the growth curve also indicated that F76L affects the virus replication cycle from the early stage.
Moreover, a parallel comparison showed that 1-acetyllycorine inhibited WT EV71 with an EC 50 of 0.77 M but with a significantly increased EC 50 of 7.4 M (10-fold higher than that on WT EV71) against EV71-F76L, suggesting that the F76L mutation on EV71 2A
pro conferred resistance to 1-acetyllycorine (Fig. 4B) . Furthermore, 1-acetyllycorine inhibited WT and F76L EV71 subgenomic replicon activities with EC 50 s of 0.62 M and 8.13 M, respectively. Meanwhile, NITD008 inhibited WT and F76L EV71 subgenomic replicon activities with EC 50 s of 0.21 M and 0.17 M, which is similar to previously reported results (38) , but ALD did not show observable inhibition of WT or mutated replicon activities (Fig. 4C) . Collectively, these results demonstrated that the F76L change on EV71 2A
pro attenuates the fitness of virus growth and facilitates escape from 1-acetyllycorine inhibition.
We also examined the impact of F76L mutation on the enzymatic activity of EV71 2A pro according to the previously reported experimental procedure (45) . The results showed that WT EV71 2A pro displayed high enzymatic activity, whereas the catalytic defective C100A mutation completely diminished this protease activity (Fig. 4D) . F76L-mutated 2A pro presented only a modest effect on 2A pro protease activity. Moreover, the treatment of 1-acetylycorine (2 M) showed only minor attenuation of 2A pro activity. Compared with the high inhibition by 1-acetyllycorine of EV71, 1-acetyllycorine affects EV71 propagation not only through affecting the correct processing of polyprotein after protein translation but also through other replication steps.
Structural homologies of EV71 2A
pro and HCV NS3-NS4A proteases. Structural analysis revealed that the 2A pro of all picornaviruses possesses a chymotrypsin-like fold and features a CCCH zinc finger outside the catalytic reaction center (45) (46) (47) . Although the precise biological function of the zinc finger remains unclear, this site might be an essential structural element for the stabilization of the overall fold of 2A pro (46) and the removing of the bound zinc ion obviously attenuated the protease activity of 2A pro (46) . The mutation site in EV71 2A pro , F76, which confers resistance to 1-acetyllycorine, is located at the back side of the zinc finger region. The aromatic side chain of F76 packs with a cluster of the hydrophobic core formed by the side chains of residues Y63, V74, M99, L114, V121, V132, and F134, thereby stabilizing the conformation of the zinc finger for the full activity of 2A pro (Fig. 5B) . Interestingly, another known example of a zinc binding site in a chymotrypsin-related viral protease is the NS3 serine protease of hepatitis C virus, in which the zinc ion is also involved in maintenance of the structure (46) . Furthermore, the overall structure of the core domain and the zinc binding site in the HCV NS3 protease presents high structural homology with picornavirus 2A pro , with a root mean square deviation (RMSD) of 2.3 Å (Fig. 5A) , and the removal of the zinc ion affects the activities of both proteases. Notably, residue R118 of HCV NS3 is located in a corresponding site of F76 of EV71 2A pro and similarly stacks with the hydrophobic core comprising residues L104, L106, V116, L143, V151, V167, and F169 for the correct conformation of the NS3 protease (Fig.  5C ). We therefore hypothesized that 1-acetyllycorine inhibits HCV through a conserved mechanism for inhibition of EV71. 1-Acetyllycorine inhibits HCV with high potency, and the R118L mutation on HCV NS3 protease confers the resistance. To verify the proposed hypothesis, we measured the inhibitory effect of 1-acetyllycorine on HCV. The constructed HCV(JFH-1)-Rluc virus was used to infect host cells, followed by treatment with a gradient concentration of 1-acetyllycorine. The inhibition assay revealed that 1-acetyllycorine effectively inhibited the growth of HCV(JFH-1)-Rluc virus, with an EC 50 of 2.1 M (Fig. 5D) .
To verify whether 1-acetyllycorine shares a conserved inhibitory mechanism on EV71 and HCV, we constructed a mutated HCV(JFH-1)-Rluc virus harboring a replacement of R118 with a leucine residue in the NS3 protease. The results showed that 1-acetyllycorine inhibited R118L-mutated HCV(JFH-1)-Rluc virus with an EC 50 of 11.1 M, 5-fold over that of 1-acetyllycorine inhibition on WT HCV(JFH-1)-Rluc virus (Fig. 5D ). This result supported the hypothesis that 1-acetyllycorine inhibited HCV replication through the inhibition of molecular folding and thereby the function of NS3 protease. Furthermore, R118L also reduced the fitness of HCV, which is similar to the effect of the F76L mutation in EV71 (Fig. 5E) . Similarly to what appeared in EV71 experiments, R118L displayed modest attenuation of HCV NS3/4A protease activity and 1-acetyllycorine presented a minor effect on this activity in a reported enzymatic assay (48) (Fig. 5F ). These results indicated that 1-acetyllycorine affects HCV proliferation not only through affecting the correct processing of polyprotein after protein translation but also through other replication steps, which is similar to the findings for EV71.
Combinatorial effects of 1-acetyllycorine and other inhibitors of EV71 and HCV. Combination therapies with multiple drugs with different mechanisms of action have been demonstrated as effective approaches to treat virus infections (18) . Because the inhibition of each step of the virus life cycle affects viral proliferation, we reasoned that the combination of different inhibitors of EV71 of HCV with 1-acetyllycorine could offer benefits over each single monotherapy. To examine this hypothesis, we used NITD008 as the polymerase inhibitor and ALD as an entry inhibitor of EV71 and sofosbuvir (PSI-7977) (49) and RBV (50) against HCV and measured the inhibition by these drugs in combination with 1-acetyllycorine.
RD cells were infected with EV71(FY)-Luc and treated with various concentrations of 1-acetyllycorine and NITD008 or 1-acetyllycorine and ALD, either alone or in combination. The data were further analyzed using a mathematic model, MacSynergy II, to determine whether the effect of the combinations was synergistic, additive, or antagonistic (43) . The results revealed that the combination of 1-acetyllycorine and NITD008 showed a slightly increased effect over that of the theoretical additive effects, indicating that the combination had a largely additive effect (Fig. 6A ). In contrast, 1-acetyllycorine-ALD had antiviral effects that were significantly more potent than the theoretical additive effects, suggesting that this combination was indeed synergistic (Fig. 6B) . No evidence of antiviral antagonism was observed with any of the tested doses. According to the criteria of Prichard et al. (43) , the combination of 1-acetyllycorine and ALD is strong and will likely be important in vivo. We also measured the inhibitory effects of ALD and NITD008 against F76L EV71 mutated virus and found EC 50 s consistent with those against WT EV71 virus. This is consistent with the working target that was identified by drug resistance. Combinations of lycorine with sofosbuvir and RBV have also been documented. Huh7.5.1 cells were infected with HCV(JFH-1)-Rluc virus and treated with various concentrations of 1-acetyllycorine and sofosbuvir, or 1-acetyllycorine and RBV, either alone or in combination for 48 h. The results revealed that the combination of 1-acetyllycorine and sofosbuvir had significantly synergistic antiviral effects (Fig. 6C) . In contrast, the combination of 1-acetyllycorine and RBV presented clear antagonistic effects compared with the theoretical model (Fig. 6D) . Similarly, the combination of 1-acetyllycorine and sofosbuvir will also be likely important in vivo. Additionally, sofosbuvir inhibited WT and R118L HCV with EC 50 s of 0.12 M and 0.18 M, and RBV inhibited WT and R118L HCV with EC 50 s of 17.0 M and 15.8 M, suggesting again that the mutation at the R118 position of NS3 is specific to 1-acetyllycorine resistance.
DISCUSSION
The correct function of viral proteases ensures the efficient proliferation of viruses. EV71 encodes 2A pro and 3C pro and HCV encodes NS2 and NS3 for the proteolysis of viral polyproteins into individual functional proteins (12, 13) . EV71 2A pro and 3C pro and HCV NS3 are all chymotrypsin-like proteases with high structural similarities in the core catalytic domain. Specifically, both EV71 2A pro and HCV NS3 proteases contain a CCCH-type zinc finger for the stabilization of the overall conformation and the precise function of both proteins, which is a unique feature among all viruses (45) (46) (47) . In the present study, we examined several lycorine derivatives against EV71 and HCV and observed that 1-acetyllycorine restrained the proliferation of EV71 and HCV. Interestingly, the mutations for drug resistance to 1-acetyllycorine on both EV71 and HCV are located at a conserved position in EV71 2A pro (F76) and HCV NS3 (R118). Although the primary sequences of EV71 2A pro and HCV NS3 proteases have limited homology, the environments of F76 in EV71 2A pro and R118 in HCV NS3 are highly similar (Fig. 5B and C) . The side chains of F76 and R118 pack with the hydrophobic center to constitute a firm base to stabilize the conformation of the essential zinc finger. Notably, F76 of EV71 2A pro and R118 in HCV NS3 protease are strictly conserved in various enteroviruses and different HCV genotypes, suggesting that the unique zinc fingers of enterovirus 2A pro and HCV NS3 protease have an identical function and share a conserved inhibition mechanism through 1-acetyllycorine. Besides the essential function in processing the viral proteins, enterovirus 2A pro has been reported to have multiple biological functions. For example, poliovirus 2A pro was reported to shut off the host's cap-dependent protein production by cleaving the elongation factors eIF4GI/II for the synthesis of viral proteins (51), interfering with the nuclear traffic (52, 53) , and hijacking the splicing and transcription machinery (54) . Moreover, coxsackievirus B3 (CVB3) 2A pro was revealed to cleave cytoskeletal protein dystrophin, resulting in dilated cardiomyopathy (55) . In our in vitro enzymatic assays, 1-acetyllycorine displayed only minor attenuations of EV71 2A pro against the substrate spanning the peptides in EV71 polypeptide. Interestingly, previous studies have revealed that lycorine blocks the protein synthesis either for eukaryotic cells or for virus (56) (57) (58) . All these observations indicate that 1-acetyllycorine not only affects the process of viral polyprotein but also employs multiple inhibitory mechanisms to inhibit the proliferation of either EV71 or HCV. One point that should be noted is that the change of viral titers of EV71 with the treatment of 1-acetyllycorine is from 10 9 /ml to 10 5 /ml. Because virus in the titer of 10 5 /ml would probably still be lethal to the patient, an assay in an animal model is warranted to verify the clinical potential of 1-acetyllycorine against EV71.
Interestingly, several previous studies have documented the inhibition activity of lycorine derivatives against flaviviruses. The first study showed that 1.2 M lycorine potently reduced the viral titers of WNV, DENV, and YFV by 10 2 -to 10 4 -fold (32) . Additional studies demonstrated that a V9M substitution in the viral 2K peptide, spanning the endoplasmic reticulum membrane between NS4A and NS4B proteins, confers WNV resistance to lycorine through the enhancement of viral RNA replication (32) . Moreover, the inhibition of lycorine derivatives on DENV was similar to that of WNV (33) . Although HCV, WNV, and DENV all belong to the Flaviviridae family and NS3 proteases of these three viruses present high structural conservation, the zinc finger exclusively exists in HCV NS3 proteases but not other flavivirus-encoded proteases. Therefore, differences in the working mechanisms of lycorine derivatives for the inhibition of various flaviviruses were not surprising. A recent study showed the inhibition of HCV through lycorine-derived phenanthridine via the downregulation of host Hsc70 expression (34) , suggesting that different lycorine derivatives suppress HCV proliferation via various mechanisms.
We observed a significant synergistic anti-EV71 effect of 1-acetyllycorine with ALD (an entry inhibitor) but not NITD008 (a polymerase inhibitor). We also observed the clear synergistic anti-HCV activity of 1-acetyllycorine with sofosbuvir in contrast with the obvious antagonist effect of 1-acetyllycorine with RBV. These results support the potential use of 1-acetyllycorine combination therapy with other inhibitors for the treatment of EV71 and HCV infections, with consideration for potential drug-drug antagonism with current clinically used drugs.
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